The maltose transporter in Saccharomyces cerevisiae is degraded in the vacuole after internalization by endocytosis upon nitrogen starvation in the presence of a fermentable substrate. This degradation, known as catabolite inactivation, is inhibited by the presence of moderate concentrations (2 to 6%, vol/vol) of ethanol. We have investigated the mechanism of this inactivation and have found that it is due to the inhibition of the internalization of the transporter by endocytosis. The results also indicate that this inhibition is due to alterations produced by ethanol in the organization of the plasma membrane which also affects to endocytosis of other plasma membrane proteins. Apparently, endocytosis is particularly sensitive to these alterations compared with other processes occurring at the plasma membrane.
The yeast maltose transporter is an intrinsic plasma membrane protein which is inactivated during nitrogen starvation in the presence of a fermentable substrate (2) . This inactivation, known as catabolite inactivation, is due to a proteolysis of the transporter (22) that occurs in the vacuole after its internalization by endocytosis (24, 28) . Endocytosis of the maltose transporter requires the ubiquitin pathway (23) and is partially dependent on actin microfilaments and independent of microtubules (27) . During the studies on the role of the cytoskeleton in endocytosis of the maltose transporter, we used cytochalasin D to inhibit the formation of actin microfilaments (26) . This inhibitor is insoluble in water, and we found that addition of moderate concentrations (2 to 6%, vol/vol) of the solvent, ethanol, to the cell suspension inhibited inactivation of the transporter. This observation seems most interesting, since ethanol may be present at high concentrations in normal yeast environments.
Sugars are the major carbon and energy source in yeast natural habitats as well as in industrial fermentations, and ethanol is the major product of sugar catabolism in this organism (18) . As a consequence, ethanol may accumulate in yeast environments at concentrations which affect essential cellular functions, giving rise to toxic effects (for a review, see reference 14) . However, compared with other eukaryotes, Saccharomyces spp. appears to be the most alcohol-resistant organism since it is able to grow in the presence of 8 to 12% (vol/vol) ethanol and to survive exposure to up to 15% (vol/vol) (14) . This high ethanol resistance contrasts with the observed strong effect of ethanol on a relevant physiological process like sugar transport inactivation.
In this work, we have investigated the mechanism of the inhibition by ethanol of the catabolite inactivation of the yeast maltose transporter. It is shown that ethanol inhibits the first step of this inactivation, i.e., internalization of the transporter by endocytosis. This conclusion is based on two observations: the stabilization of the transport activity in the presence of ethanol and the permanence of the transporter at the plasma membrane. The results also indicate that the inhibition is due to changes occurring in the structure of the plasma membrane, which also affect the endocytosis of other proteins. Apparently, endocytosis is particularly sensitive to these changes compared with other processes occurring at the plasma membrane. (25) , ATCC 42407 (MATa suc GAL MAL), and 23346c (MATa ura3) (10) . Strains WCG4a and 5DBY 1869 were transformed with the multicopy plasmid pRM1-1, which carries the MAL1 locus (31) . The transformed cells grew and transported maltose at rates the same as those of mal ϩ wild-type strains. Growth conditions. In experiments on maltose or galactose transporter inactivation, the cells were grown at 30°C in medium containing 2% peptone, 1% yeast extract, and 2% maltose or galactose in a rotatory shaker (200 rpm). When maltose was used, 3 ppm of antimycin A was added to the growth medium to inhibit respiration and therefore to favor plasmid expression by forcing the cells to ferment maltose. In experiments with the general amino acid permease, the cells were grown in yeast nitrogen base (YNB) minimal medium (pH 6.0) with 22 g of uracil per ml and with 2% glucose and 0.1% proline as the carbon and nitrogen source, respectively (10) . Cell growth was monitored by measuring the optical density at 640 nm.
MATERIALS AND METHODS

Reagents.
Subcellular fractionation in continuous sucrose gradient. Cellular homogenate corresponding to 2.5 g of yeast (dry weight) was obtained as described previously (37) . Crude extract is the supernatant obtained by centrifugation of the homogenate for 10 min at 700 ϫ g. The soluble fraction and crude membrane fraction were, respectively, the supernatant and the pellet obtained by centrifugation of the crude extract for 20 min at 20,000 ϫ g. The crude membrane fraction, suspended in 5 ml of 20% glycerol-10 mM Tricine-Tris (pH 7.5)-0.1 mM EDTA-0.1 mM dithiothreitol-1 mM phenylmethylsufonyl fluoride (PMSF), was applied to a continuous sucrose gradient. To prepare the gradient, 10-ml volumes each of 60, 40, and 20% (wt/vol) sucrose, dissolved in the buffer described above except for the absence of glycerol and PMSF, were layered in a tube of the SW28 rotor (Beckman) and allowed 3 h for diffusion at room temperature. After application of the sample, the gradient was centrifuged for 16 h at 20,000 rpm. Fractions (2 ml) were collected and used to measure the sucrose and protein content and the activity of the marker enzymes.
Plasma membrane purification and Western blotting. The plasma membrane was purified by application of the crude membrane fraction, obtained from 1.0 g (dry weight) of yeast, to a discontinuous sucrose gradient. The gradient was prepared by layering 0.8 ml of 53.5% (wt/vol) and 1.6 ml of 43.5% (wt/vol) sucrose in a tube of the SW60 rotor (Beckman). After centrifugation for 3 h at 55,000 rpm, the pellet and the two bands appeared, respectively, at the water/ 43.5% sucrose and the 43.5%/53.5% sucrose interphases and were diluted with 3 volumes of cold water. After centrifugation for 30 min at 40,000 rpm in a 50Ti rotor (Beckman), the pellets were suspended in 1.5 ml of 20% glycerol-10 mM Tricine-Tris (pH 7.5)-0.1 mM EDTA, 0.1-mM dithiothreitol and 1 mM PMSF. The maltose transporter and the plasma membrane ATPase were detected in samples of these suspensions that were resolved, by sodium dodecyl sulfate-polyacrylamide gel electrophoresis SDS-PAGE (10 and 8% polyacrylamide, respectively) (22) , with antiserum against the maltose transporter or against ATPase diluted 1/3,000 and 1/15,000, respectively, and goat anti-rabbit peroxidase conjugate diluted 1/10,000 in blocking buffer as the primary and secondary antibodies.
Effect of alcohols on inactivation of the maltose and galactose transporters. Cells were harvested during exponential growth with maltose or galactose (about 0.7 mg [dry weight]/ml), washed, and suspended in 3 volumes of an ammoniumfree medium as described previously (2), with 2% glucose and 250 g of tetracycline hydrochloride per ml to avoid bacterial contamination and in the absence or presence of alcohols at the indicated concentrations. After incubation at 30°C in a rotatory shaker (200 rpm) for the indicated times, inactivation was monitored by measuring the activity of the transporters by using their labeled substrates (4, 28) . The cells were harvested, washed, and suspended to a cellular density of 40 mg (dry weight) of yeast/ml in 0.1 M tartaric acid adjusted to pH 4.2 with Tris in the case of the maltose transporter or 50 mM K 2 HPO 4 (pH 6.0) in the case of the galactose transporter. Aliquots of 50 l, containing 2 mg (dry weight) of yeast, were added to 5 l of 45 mM labeled maltose or galactose (0.5 Ci/mol), respectively, and incubated at 20°C for 15 s. Sugar uptake was stopped by the addition of 10 ml of chilled water. After rapid filtration, the cells and filters were washed with 10 ml of chilled water and immediately submerged in liquid scintillation cocktail, and the radioactivity was counted.
Effect of ethanol on inactivation of the general amino acid permease. Samples (15 ml) of cell cultures growing exponentially on minimal proline medium (10) (about 0.15 mg [dry weight]/ml) were put into prewarmed vessels containing 0.15 ml of 1 M (NH 4 ) 2 SO 4 and ethanol as required for the indicated final concentrations. After incubation for the indicated times at 30°C, L-citrulline uptake was measured essentially as previously described (10) . Samples (1 ml) of cells were placed into prewarmed rotating flasks containing 10 l of 10 mM L-[U-
14 C]citrulline (2 Ci/mol). After incubation at 30°C for 1 min, citrulline uptake was stopped by the addition of 10 ml of chilled water. After rapid filtration, the cells and the filter were washed with 10 ml of chilled water and the radioactivity was counted.
Effect of ethanol on H
؉ -ATPase activity. Cells growing exponentially with maltose were harvested, washed, and suspended in 4% glucose to a cellular density of about 4 mg (dry weight)/ml. After incubation for 10 min at 30°C, the cells were rapidly harvested by filtration, frozen in liquid nitrogen, and stored at Ϫ70°C until analyzed. This treatment with glucose was performed to activate the H ϩ -ATPase (35) . Aliquots of crude membrane preparations, corresponding to 5 to 50 mU of ATPase, were added to the assay buffer, as described previously (37) , in the absence or in the presence of the indicated concentrations of ethanol. After incubation at 30°C for 10 min, the reaction was started by the addition of 2 mM ATP.
Effect of ethanol on the activity of the sugar transporters. Cells growing exponentially on galactose, glucose, or maltose were harvested, washed, and suspended to a cellular density of 40 mg (dry weight) of yeast/ml in 50 mM K 2 HPO 4 (pH 6.0) for glucose and galactose transport measurements or in 0.1 M tartaric acid, adjusted to pH 4.2 with Tris, for maltose transport measurements, in the absence or presence of ethanol at the indicated concentrations. Aliquots of 50 l, containing 2 mg (dry weight) of yeast, were added to 5 l of 45 mM labeled galactose, glucose, or maltose (0.5 Ci/mol). After incubation for 15 s at 20°C, sugar uptake was stopped by the addition of 10 ml of chilled water. After rapid filtration, the cells and the filters were washed with 10 ml of chilled water and the radioactivity was counted.
Effect of ethanol on fermentation. Fermentation was measured manometrically at 30°C by a conventional method (43) . Samples (1.5 ml) of cells, containing about 0.3 mg (dry weight) suspended in the inactivation medium with 2% glucose in the absence and presence of ethanol at the indicated concentrations, were placed in Warburg vessels and incubated at 30°C. CO 2 formation was monitored for 4 h.
Effect of ethanol on the cellular content of ATP. Cells were harvested during exponential growth on maltose, washed and suspended in the inactivation medium in the absence or presence of ethanol at the indicated concentrations, and incubated at 30°C for 30, 90, and 180 min. Samples were taken by the rapid cellular sampling method described previously (32) , without washing the cells with methanol-water at Ϫ40°C. ATP was measured enzymatically with phosphoglycerate kinase as described previously (15) .
Marker enzyme measurement. NADPH-cytochrome c reductase, the marker enzyme of the endoplasmic reticulum, was measured as described in reference 34 with some modifications. The reaction mixture consisted of 50 mM potassium phosphate (pH 7.5), 0.5 mM KCN, 1 M flavin mononucleotide, 0.1% Triton X-100, 70 M cytochrome c, and 0.1 mM NADPH. Cytochrome c oxidase, the marker enzyme of the mitochondrial membrane, was measured as described in reference 44, except that the assay temperature was 30°C. Plasma membrane ATPase was determined as described in reference 37, and vacuolar ATPase was determined as described in reference 42.
Protein and sucrose measurement. Protein was determined by the method of Lowry et al. (21) after precipitation with trichloroacetic acid. Sucrose was measured with a refractometer.
RESULTS
Effect of ethanol on the rate of inactivation of the maltose transporter. Inactivation of the transporter started after about 1 h of suspension of cells in the inactivation medium and followed first-order kinetics suggesting a half-life for the transporter of about 1 h (Fig. 1A) . These results are in accordance with previous findings (28) . In the presence of ethanol, lower rates of inactivation of the maltose transporter were observed depending on the concentration of ethanol. In the presence of 2, 4, and 6% ethanol, half-lives for the transporter of about 2.5, 5, and Ͼ10 h, respectively, could be calculated from the data in Fig. 1A . These results show that ethanol inhibits the catabolite inactivation of the maltose transporter. They also show that the inhibition starts immediately after the addition of ethanol (Fig.  1A) and is reversible, since yeast cells incubated for 3 h in the presence of 6% ethanol showed a normal rate of inactivation when ethanol was removed from the medium (Fig. 1A) . When the slopes of the straight lines shown in Fig. 1A were plotted on a semilogarithmic scale against ethanol concentration, a straight line was obtained (Fig. 1B) . This mathematical relationship between the two parameters is probably related to the action mechanism of ethanol. The fact that an inhibition like the one shown in Fig. 1 was also observed with two other strains, 5DBY 1869 and ATCC 42407 (results not shown), suggests that sensitivity to ethanol is a general feature of the maltose transport inactivation in yeast cells.
Ethanol inhibits endocytosis of the transporter. The results shown above suggest that ethanol inhibits internalization of the transporter, i.e., the first step of degradation of this protein, which remains active in the plasma membrane. We checked this possibility by investigating the location of the maltose transporter. To establish the conditions for purification of plasma membrane, a crude membrane preparation was applied to a continuous sucrose gradient and centrifuged as described in Materials and Methods. The distribution of marker enzymes through the gradient indicated that in ethanol-treated cells (Fig. 2) , as well as in untreated cells (results not shown), plasma membrane appeared, with very little contamination by other cellular membranes, in the gradient fractions containing 43.5 through 53.5% (wt/vol) sucrose. Based on these results, plasma membrane purification was performed with a discontinuous sucrose gradient of 43.5 and 53.5% (wt/vol). Immunoblots with anti-plasma membrane ATPase antibodies showed that, consistent with previous findings (35), the plasma membrane accumulated mainly at the 43.5/53.5% sucrose interphase of the gradient (Fig. 3A) . In this fraction, there was little contamination by other cellular membranes, as indicated by the low activity of the corresponding marker enzymes (results not shown).
When we investigated the cellular location of the maltose transporter by immunoblotting it with antibodies against the transporter, we found that in growing cells, i.e., cells incubated for 0 h in the inactivation medium, the transporter was present, as expected, at the plasma membrane (Fig. 3B ). This was indicated by the cofractionation of the maltose transporter with the plasma membrane ATPase (Fig. 3) . We also found that in the absence of ethanol, the transporter disappeared after 5 h of incubation under inactivating conditions (Fig. 3B) , confirming previous findings on the degradation of the transporter (22, 28) . However, in the presence of 6% ethanol, the maltose transporter remained undegraded at the plasma membrane after 5 h of incubation (Fig. 3B) . These results demonstrate that ethanol inhibits internalization of the maltose transporter by endocytosis. In accordance with the known stability of the plasma membrane ATPase (1), this enzyme remained undegraded at the plasma membrane under all conditions studied (Fig. 3A) .
Ethanol inhibits the inactivation of other plasma membrane proteins. In addition to the maltose transporter, a number of plasma membrane proteins are inactivated under different physiological conditions by degradation in the vacuole after internalization by endocytosis (5, 6, 10, 13, 16, 29) . To establish if ethanol also inhibits endocytosis of these proteins, we investigated the behavior of two of them, the galactose transporter and the general amino acid permease. As in the case of the maltose transporter, nitrogen starvation triggers inactivation of the galactose transporter (4), while the presence of a good nitrogen source, such as NH 4 ϩ , inactivates the general amino acid permease (7, 10) . As shown in Fig. 4 , we found that inactivation of these two proteins was also inhibited by ethanol, indicating that the effect of ethanol is not specific for the maltose transporter. In the case of the general amino acid permease, an increase in the activity was observed immediately after the beginning of the inactivation treatment (Fig. 4B) . Control experiments showed that the activity of this protein is reversibly lost in the handling of the cells in the inactivation treatment (results not shown). This observation is in accordance with the reported high susceptibility of this protein to environmental changes (8) .   FIG. 2 . Subcellular fractionation in a continuous sucrose gradient. Strain WCG4a, transformed with plasmid pRM1-1 carrying the MAL1 locus, was harvested during exponential growth with maltose and washed and suspended in the inactivation medium in the presence of 6% ethanol. After incubation of cells at 30°C for 3 h, the crude membrane fraction was obtained, applied to the continuous sucrose gradient, and centrifuged as described in Materials and Methods. Fractions were collected and used to measure the sucrose (OE) and protein (F) contents and the activity of the marker enzymes: NADPH cytochrome c reductase (E), cytochrome c oxidase (ᮀ), vacuolar ATPase (‚), and plasma membrane ATPase (s). Mechanism of the inhibition. Catabolite inactivation of sugar transporters requires energy and utilization of a fermentable substrate (2, 22, 24) . Therefore, one possibility is that ethanol inhibits the endocytosis of the transporters by decreasing the rate of fermentation and/or the levels of ATP. We investigated this possibility and found that there is no apparent correlation between these parameters and the inhibition of endocytosis. As shown in Table 1 , the effect of ethanol on the internalization rate of the maltose transporter was substantially greater than on fermentation or the ATP level at all concentrations of ethanol tested. Particularly relevant is the fact that a normal rate of fermentation and ATP level were detected in the presence of 2% ethanol, when the internalization rate of the transporter was inhibited by more than 60% (Table 1) . It seems, therefore, that the effect of ethanol is not due to the inhibition of catabolism.
Ethanol, like other alcohols, alters the organization of the lipid bilayer of the biological membranes, giving rise to an increase in the molecular movement within these structures (membrane fluidity). These alterations result from a complex combination of physical effects both directly on the membrane and on the membrane environment, which depend on the lipid-buffer partition coefficient of alcohols (for reviews, see references 14 and 39). Therefore, another possibility is that ethanol inhibits internalization of the transporters through alterations produced in the organization of the plasma membrane. If this were the case, two predictions could be made: (i) the inhibition would not be ethanol specific but would also be produced by other alcohols, and (ii) the inhibition produced by alcohols would increase with their lipid-buffer partition coefficient (14) .
The results obtained met these two predictions, since we found that other alcohols, like methanol, isopropanol, and n-propanol (Fig. 5) , inhibited internalization of the maltose transporter and also that the inhibitory effect of the tested alcohols increased in the following order: methanol Ͻ ethanol Ͻ isopropanol Ͻ n-propanol ( Fig. 1 and 5 ). These facts strongly indicate that ethanol inhibits endocytosis of the transporter through its effect on the structure of the plasma membrane.
Endocytosis is particularly sensitive to the action of ethanol. Specific functions of the plasma membrane are accomplished by a variety of proteins, whose efficiency may depend upon the lipid bilayer organization. Many of these proteins are implicated in transport processes. To establish if other functions of plasma membrane are affected by ethanol to a similar extent to that of endocytosis, we have investigated the effect of ethanol on the activity of proteins which play important catabolic roles and which are among the most abundant in the yeast plasma membrane (38) : the H ϩ -ATPase, which is responsible for the extrusion of protons produced in catabolism or passively diffused into the cells from the medium (9, 36) , and the sugar transport systems of glucose, galactose, and maltose, which catalyze the first step of glycolysis and limit the rate of fermentation (19) . The results obtained show that at all concentrations of ethanol tested, the internalization rate of the maltose a Strain WCG4a transformed with plasmid pRM1-1 carrying the MAL1 locus was harvested during exponential growth with maltose, washed and suspended in the inactivation medium in absence or in the presence of ethanol at the indicated concentrations, and incubated at 30°C. Data are mean values for two experiments. Differences between the two values were Ͻ10%.
b Inhibition of the internalization rate of the transporter was calculated from the slopes of the straight lines of Fig. 1A .
c The fermentation rate of glucose in the absence of ethanol was 17.5 mmol/g of protein/h. d Samples to determine the cellular content of ATP were obtained after 30, 90, and 180 min of incubation. Similar results were obtained for the three incubation periods. The ATP level in the absence of ethanol was 1.52 mM. For the calculations, an intracellular volume of 2.4 l/mg (dry weight) of yeast has been assumed (20) .
transporter by endocytosis was more strongly inhibited than the activity of the proteins investigated (Table 2 ). These results indicate that endocytosis is particularly sensitive to ethanol compared with other processes occurring at the plasma membrane. The observed tolerance to ethanol of plasma membrane processes other than endocytosis is in accordance with previous findings indicating that among eukaryotes, Saccharomyces spp. appear to be the most alcohol-resistant organism (14) .
DISCUSSION
Endocytosis is a very complex process by which macromolecules, solutes, and plasma membrane proteins are internalized into vesicles which invaginate from the plasma membrane. In the case of the yeast maltose transporter, endocytosis is triggered by starvation for a nitrogen source and requires the action of at least two enzymes of the ubiquitin pathway (23), microfilaments of actin and actin-binding proteins (27) , and clathrin-coated structures (23a). Some of these proteins, like the two enzymes of the ubiquitin pathway (23) and clathrincoated structures (30) , might be implicated in signaling and concentration of the transporter in specific portions of the plasma membrane, while others, like microfilaments, might play a dynamic role in the invagination (17) . Ethanol, through its effect in the lipid bilayer organization, could affect several of these proteins, resulting in a strong effect in the action of the whole endocytic machinery. This would explain the great sensitivity toward ethanol of maltose transporter endocytosis compared with other functions that also occur at the plasma membrane but depend on the action of a single protein. The fact that inactivation of the galactose transporter and the general amino acid permease, which also requires endocytosis, is also sensitive to ethanol suggests that sensitivity to ethanol is a general feature of endocytosis. This conclusion seems quite logical, since the requirements for endocytosis in the yeast Saccharomyces cerevisiae appears to be greatly conserved (5, 6, 10, 12, 13, 16, 17, 40) . Interestingly, it has been shown that long-term administration of ethanol to animals markedly impairs endocytosis of a number of plasma membrane receptors in hepatocytes (3, 41) .
Sugars are the most important carbon and energy source for yeast cells, and ethanol is the major product of sugar catabolism in this organism. As a consequence, under laboratory and industrial conditions as well as in natural habitats, yeast cells may be in the presence of ethanol at concentrations in which endocytosis is inhibited. This fact rises the question of the physiological relevance of endocytosis. One possibility is that endocytosis and hence internalization of plasma membrane proteins are normally negligible and therefore the presence or the absence of the inhibitor is irrelevant. In this case, endocytosis of sugar transporters would become significant only under artificial conditions, i.e., after transfer of the cells to a fresh medium without a nitrogen source and with a fermentable substrate. However, catabolite inactivation of sugar transporters appears to be more than a curiosity, since it has been reported during enological fermentations (33) . Since ethanol is present at high concentrations in such fermentations, yeast cells might have developed some device to circumvent the inhibition of endocytosis by ethanol. This possibility will be investigated. a Strain WCG4a transformed with plasmid pRM1-1 carrying the MAL1 locus was harvested during exponential growth with maltose or galactose (for galactose uptake measurements). In the case of H ϩ -ATPase, the cells were harvested, washed and suspended under the inactivation conditions in the absence or presence of ethanol at the indicated concentrations, and incubated at 30°C. Data are mean values for two experiments. Differences between the two values were Ͻ12%.
b The ATPase activity in the absence of ethanol was 1.5 U/mg of protein.
c The uptake of galactose, glucose, and maltose in the absence of ethanol was, respectively, 4.7, 10.4, and 8.2 mmol of hexose/g of protein/h.
